Here we report on the conformational changes that are responsible for the appearance of the Dicentrarchus labrax encephalitis virus (DlEV) coat protein as a doublet in SDS-PAGE. Wild-type and mutated forms of the coat protein cDNA were expressed in E. coli. The study of the resulting recombinant molecules excluded the possibility of the involvement of a precursor autocatalysis mechanism or a ribosomal frameshifting event in the doublet formation. The appearance of the coat protein doublet was found to be β-mercaptoethanol sensitive. Based on this observation, we carried out substitution of all cysteine residues. The obtained results demonstrated the importance of intramolecular disulfide bonding between cysteines 187 and 201 on coat protein conformational changes.
alphanodaviruses that have been examined, with the exception of Pariacoto virus (PaV) Kaesberg et al., 1990 ; Zlotnick et al., 1994) .
Betanodaviruses are the causative agents of viral nervous necrosis, which has been associated with high mortalities in a wide variety of marine fish species (Bovo et al., 1999 ; Le Breton et al., 1997 ; Munday & Nakai, 1997 ; Skliris et al., 2001) . The complete nucleotide sequences of both RNAs are available only for two betanodaviruses, striped jack nervous necrosis virus (SJNNV) (Iwamoto et al., 2001 ; Nishizawa et al., 1995 ; Nagai & Nishizawa, 1999) and greasy grouper nervous necrosis virus (GGNNV) (Tan et al., 2001) . The full-length RNA2 sequence has been determined for Dicentrarchus labrax encephalitis virus (DlEV) (Delsert et al., 1997a) , while partial RNA2 sequences from several other betanodaviruses are also now available (Aspehaug et al., 1999 ; Nishizawa et al., 1995 Nishizawa et al., , 1997 Sideris, 1997 ; Skliris et al., 2001) . Molecular phylogenetic analyses of the partial coat protein gene have shown that fish nodaviruses are classified into four different genotypes (Nishizawa et al., 1997 ; Skliris et al., 2001) . Although betanodaviruses process coat proteins of similar sizes to those of the alphanodaviruses, their amino acid sequences share less than 11 % similarity (Nishizawa et al., 1995) . Furthermore, it has been suggested that the fish nodavirus capsid is made of a protein doublet of similar molecular mass and that its formation is the result of a processing pathway that is different from that of the alphanodaviruses (Delsert et al., 1997a, b) .
In the work presented here, we have studied the coat protein processing in DlEV by expression of cDNAs encoding the wild-type and a variety of mutants of this protein in E. coli. Our results indicate that the coat protein doublet formation is not the result of an autocatalytic cleavage of a precursor or of any kind of ribosomal frameshifting. Mutagenesis studies revealed that cysteines 187 and 201 form an intramolecular disulfide bond, which is responsible for the more rapid migration of the protein in SDS-PAGE than the totally reduced form of the coat protein.
The construction and structure of plasmid Fp5 expressing the wild-type DlEV coat protein (isolate Gr\16\Sba ; Skliris et al., 2001) in E. coli has been described previously (Sideris, 1997) . This plasmid was used to create mutant constructs with the single mutations D75G, N288T, C115S, C187S, C201S and C331S, the double mutation C115,187S and finally the triple mutation C115,187,201S, using the Promega GeneEditor Site-Directed Mutagenesis System, according to the manufacturer's recommendations. The primers used were as follows (mutation sites are underlined) : D75G (5h CAGGAACAG-GCGGATACG 3h), N288T (5h GCTGGAACTGCTGGCAC 3h), C115S (5h CAGCCAATGTCCCCCGCAAAC 3h), C187S (5h ATACTCCTGTCTGTCGGCAAC 3h), C201S (5h TCAGT-GCTGTCTCGCTGGAGT 3h) and C331S (5h GGCACTGT-CTCCACCAGGGTT 3h). Nucleotide sequences of the coding regions of all mutant plasmids were confirmed by DNA sequencing analysis. Primers Fexp (5h catATGGTACGCAAA-GGTGATAAG 3h) and Rexp (5h ctcgagGTTTTCCGAGTC-AACACGG 3h) were used for PCR amplification of the plasmid Fp5 coding region. The sense primer Fexp (nt 1-21) included an additional three-base linker sequence, creating an NdeI recognition site. The antisense primer Rexp (complementary to nt 996-1014) included an additional six-base linker sequence creating a XhoI site. PCR products were cloned into the PCR 2.1 vector (Invitrogen), generating the plasmid FK. After double digestion, the insert was ligated into an expression vector, pET-20b (Novagen), and DNA sequencing analysis confirmed the insertion of the coding region of the DlEV coat protein gene into the recombinant plasmid E20.
Wild-type and mutant DlEV coat protein cDNAs were transformed into the AD494(DE3) strain of E. coli and subsequently induced in liquid culture by the addition of 1 mM IPTG. The recombinant proteins were found in the cellular insoluble fraction and were purified from the inclusion bodies by the His binding resin (Novagen) in the presence of 6 M urea, according to the manufacturer's specifications.
SDS-PAGE analysis of the native or recombinant coat proteins was performed according to Laemmli (1970) . Polyacrylamide gels were either stained with Coomassie blue or electroblotted on to a nitrocellulose membrane as described by Towbin et al. (1979) . The coat protein was immunodetected using an anti-DlEV polyclonal antibody raised against the recombinant coat protein in rabbits.
Coat protein sequence alignment of different DlEV strains has revealed the conservation of residues N288 and A289, which form the cleavage site in the alphanodavirus precursor coat protein (Skliris et al., 2001 ; Zlotnick et al., 1994) . In order to determine whether the above residues are involved in a similar proteolytic cleavage event in betanodaviruses, experiments were performed using the Gr\16\Sba DlEV strain, which carries both the catalytic D75 residue and the potential cleavage site NA. The mutant constructs D75G and N288T, in which the residue D75 was replaced by G or the residue N288 was substituted by T were created using the Fp5 plasmid, which expressed the wild-type Gr\16\Sba DlEV coat protein.
The resulting recombinant proteins were purified and analysed by SDS-PAGE. As shown in Fig. 1(A) , in all cases studied a protein doublet was detected, suggesting that substitution of D75 or N288 does not affect the formation of the two polypeptides. Identical results were obtained when the wildtype and mutant plasmids were transcribed and translated in vitro, using the T7 coupled reticulocyte system (data not shown). These findings suggested that autoproteolytic catalysis is not likely to be valid in betanodaviruses, without ruling out the possibility that other amino acids are essential for this process. In addition, our data are in good agreement with the results of Delsert et al. (1997a) , who showed that the absence of the NA site is not essential for capsid protein doublet formation. Therefore, the biosynthetic mechanism responsible for the production of the two proteins appears to be different from that seen in alphanodaviruses.
It is clearly established that many viruses utilize programmed ribosomal frameshifting for the production of their structural and enzymatic gene products (Brierley, 1995 ; Dinman, 1995 ; Farabaugh, 1996 ; Gesteland & Atkins, 1996) . In order to test the validity of this mechanism in betanodavirus capsid protein formation, we cloned the cDNA encoding the DlEV coat protein into the pET-20b expression vector, which is designed to add six histidine residues at the C terminus of the recombinant protein. As shown in Fig. 1(B) (lane 2), SDS-PAGE analysis revealed the expression of two forms of the coat protein. Identical results were obtained in similar experiments using the pET-19b vector, which adds a His anchor at the N terminus of the recombinant protein (Fig. 1B, lane 1) . This observation was interpreted as suggesting that the production of the two forms of the coat protein is not likely to be achieved using an alternative initiation codon at the translational level. Furthermore, the appearance of the two forms of the coat protein, despite the site of the His anchor addition, led us to the conclusion that the production of the two molecules was not the result of a ribosomal frameshifting event, but was rather due to a conformational change of the same protein molecule. This conformation change hypothesis is strongly supported by the data obtained by electrospray ionization mass spectrometry (ESI-MS) experiments. Mass spectra of coat protein expressed in pET-20b vector revealed one main peak of molecular mass 38 187 Da. This value is very close to the expected value derived from the deduced amino acid sequence (38 086 Da). 2), 5 % (lane 3) or 10 % (lane 4) β-ME, and then subjected to SDS-PAGE. The sample in lane 5 was first treated with 10 % β-ME for 2 h, then dialysed against 20 mM Tris-HCl, pH 7n6, containing 6 M urea and finally subjected to SDS-PAGE under non-reducing conditions. (B) Samples from homogenized brain and retinal tissues obtained from DlEV infected sea bass were subjected to SDS-PAGE and Western blotting analysis, using a polyclonal antibody against the DlEV recombinant coat protein. Equal amounts of total protein extract were treated with Laemmli sample buffer without β-ME (lanes 1 and 6) or buffer containing 1 % (lane 2), 2 % (lane 3), 5 % (lane 4) or 10 % (lane 5) β-ME, and loaded into a 9 % polyacrylamide gel. The sample in lane 6 was first treated with 10 % β-ME for 2 h and then was dialysed against 20 mM Tris-HCl, pH 7n6, containing 6 M urea.
The relationship between the two forms of coat protein was examined by treating purified recombinant protein with different concentrations of β-mercaptoethanol (β-ME). SDS-PAGE analysis of the samples showed that treatment with 5 or 10 % β-ME resulted in the appearance of one band migrating at approximately 40 kDa, representing the totally reduced form of the coat protein ( Fig. 2A, lanes 3 and 4) . When β-ME was removed from the sample by dialysis, a portion of the protein was reoxidized forming disulfide bond(s) and migrated again at 38 kDa (Fig. 2A, lane 5) . Electrophoresis of proteins under nonreducing conditions has been used to characterize intramolecular disulfide bond formation in several viral protein molecules. Proteins containing intramolecular disulfide bonds are known to migrate more rapidly than totally reduced proteins due to the more compact nature of their structure (Braakman et al., 1992 ; Doms et al., 1993 ; Mulvey & Brown, 1994) . To determine whether cysteine residues are involved in the formation of disulfide bond(s) in the native DlEV coat protein, samples from homogenized brain and retinal tissues were obtained from infected fish and analysed under reducing and non-reducing conditions by SDS-PAGE followed by Fig. 3 . SDS-PAGE of the purified DlEV recombinant coat protein expressed in E. coli from wild-type and mutated plasmids. Lane 1, wildtype recombinant protein ; lanes 2-7, mutated proteins C115S, C187S, C201S, C331S, C115,187S and C115,187,201S, respectively. The polyacrylamide gel (9 %) was stained with Coomassie brilliant blue.
Western blotting. Analysis of the samples under non-reducing conditions revealed a major band running at 38 kDa (Fig. 2B , lane 1), whereas the fully reduced protein migrated at 40 kDa (Fig. 2B , lanes 4 and 5). Samples treated with 1 or 2 % β-ME represent both the oxidized and reduced forms of the coat protein (Fig. 2B, lanes 2 and 3) . Additionally, when the β-ME treated sample was dialysed against a buffer lacking β-ME, a change of mobility from the reduced to the oxidized form of the coat protein was observed (Fig. 2B, lane 6) . Since oligomers linked through intermolecular disulfide bonds were not detected in any sample, these data indicate that the DlEV coat protein acquires at least one intramolecular disulfide bond. The formation of this bond(s) is not restricted only in the case of DlEV, but seems to be common in betanodaviruses, since identical results were observed using brain homogenates obtained from other fish species infected by nodaviruses, such as striped jack (Pseudocaranx dentex) and barramundi (Lates calcarifer) (data not shown).
To identify which cysteine residues participate in the formation of disulfide bond(s), all cysteine residues were substituted to serines by site-directed mutagenesis. The wildtype and mutated recombinant proteins were purified and analysed by SDS-PAGE. The protein doublet representing the faster-migrating oxidized and the fully reduced form of the wild-type coat protein (Fig. 3, lane 1 ) appeared when cysteine 115 or 331 was changed to serine (Fig. 3, lanes 2 and 5) . In contrast, when cysteine 187 or 201 was substituted, only the totally reduced form of the coat protein was detected (Fig. 3,  lanes 3 and 4) . The double mutant at Cys 115 and 187 (Fig. 3,  lane 6 ) and the triple mutant at positions 115, 187 and 201 (Fig.  3, lane 7) expressed only the reduced coat protein form. These data strongly suggested that the coat protein forms one intramolecular disulfide bond between cysteines 187 and 201. This finding is also supported by the observation that only these cysteine residues are strictly conserved in all betanodaviruses studied (Aspehaug et al., 1999 ; Delsert et al., 1997a ; Nishizawa et al., 1995 Nishizawa et al., , 1997 Skliris et al., 2001 ). Therefore, it is possible that the formation of this disulfide bond is essential for the folding of the coat protein into a functional structure. Additional structural and in vivo studies are required for the understanding of the role of this disulfide bond in the stabilization, infectivity and assembly of the betanodavirus capsid.
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